Pellicles are an important part of the IC-manufacturing supply chain, keeping particles away from the imaging plane of the photomask to preserve wafer yield. EUV lithography poses new challenges on the pellicle membrane because the radiation must pass twice due to the reflective mask. Additionally, there are no transparent materials for EUV so the EUV pellicle must be extremely thin to keep the transmission high. Present continuous-membrane pellicle solutions will not be sufficient for source powers greater than 250 W that are anticipated for HVM EUV lithography. A possible approach to maintain strength and high transmittance is to use nano-structured materials. We report here on the EUV optical characterization of a variety of alternative membrane materials. The fine structure of etched holes or membranes made of carbon nano-tubes introduces interesting optical effects. We, therefore, not only address specular reflectance or transmittance by the optical characterization but also investigate off-specular diffuse scatter. We compare the respective optical properties of homogeneous reference membranes with etched membranes and carbon nano-tubes. Particularly the latter show a very high EUV transmittance of more than 95 % and are therefore considered being a highly promising candidate for alternative EUV pellicles.
INTRODUCTION
Lithographically manufactured nanostructures play an important role as structural elements of integrated electronic circuits. EUV lithography insertion is anticipated at the 7 nm node and below; however, defects added to the mask during its use are a lingering concern. In DUV lithography, the use of a pellicle is a common practice to remove the risk of fall-on particles causing a printed defect on wafer. It relies on a transparent membrane mounted a few millimetres above the surface of the mask to hold particles out of the focal plane [1] . The pellicles developed for 193 nm wavelength lithography, are very thin membranes made of low-cost fluoropolymers, produced by e.g. a spin-coating process [2] . They transmit over 99% of the light, ensuring that the imaging impact is minimized. For the EUV spectral range a pellicle-free mask approach was applied initially because EUV photons are strongly absorbed by all materials.
First experience revealed that the defectivity in the scanner is low but non-zero and an EUV pellicle membrane to protect the mask for high volume manufacturing will be needed [3] . Currently, Si based membranes are used because of the low absorption coefficient of k = 0.0018 at 13.5 nm for Si, which leverages the absorption effects for reasonably thin membranes. Polycrystalline silicon, however, becomes fragile and wrinkles [4] under the high temperatures associated with the exposure [5] . A first approach is to increase the transmittance and thus decrease absorptance and thus the operating temperature by removing material from the membranes by etching holes instead of making the membrane thinner as a whole. An alternate approach to high transmission is deploying very thin or porous layers so that there are fewer atoms to absorb light. Carbon nanomaterials also have a reasonably low k value (k = 0.0031, for an assumed mass density 1 g/cm 3 ), but are strong enough to be fabricated in very thin layers and can withstand high temperature. Graphene, graphite, carbon-nanosheets and carbon nanotubes are candidate carbon nanomaterials for this application. We focus here on carbon nanotubes (CNTs). First measurements on CNT films showed 96.5% transmittance at 13.5 nm [6] . Adding CNT layers also enhanced the strength of a thin SiN membrane significantly. In this paper the EUV transmission and scattering of etched and CNT-based membranes [7, 8] will be evaluated in detail. Special attention is paid to the characterization of the diffuse scatter, which is a basic concern for the nano-structured materials. We did two measurements to assess the scatter from the structures, small angle EUV scattering to assess the flare-relevant scatter contributions and small angle X-ray scattering (SAXS) with a photon energy of 3.6 keV to assess the regular diffraction of the intended structure on the membrane. SAXS is a well-established method for the measurement of characteristic lengths of nano-sized objects for decades [9, 10] .
INSTRUMENTATION
The data in the EUV spectral range were taken using the EUV ellipso-scatterometer of PTB [11, 12] in its laboratory at the storage ring BESSY II [13] . PTB's soft X-ray radiometry beamline [14, 15] uses a plane grating monochromator which covers the spectral range from 0.7 nm to 25 nm and was especially designed to provide highly collimated radiation. It, therefore, uses a long focal length of 8 m in the monochromator, and the focusing in the non-dispersive direction is provided by the collecting pre-mirror with a focal length of 17 m. We achieve a collimation of the radiation in the experimental station better than 200 µrad and the scatter halo of the beam can be suppressed to below 10 -5 relative intensity at an angle of only 1.7 mrad to the central beam. For the measurements of the EUV diffuse scattering we place a CCD camera with a thinned backside-illuminated sensor close to the direct transmitted beam at a position behind the ellipso-scatterometer experimental chamber. The SAXS measurements were performed at the adjacent Four-Crystal Monochromator (FCM) beamline [16] at a photon energy of 3.6 keV (wavelength 0.344 nm), using the SAXS-setup of HZB [17] and a specially designed hybrid-pixel PILATUS detector [18] which is operated in vacuum and provides a detection efficiency of about 80% at this photon energy. The active detector area of about 17 x 18 cm² is composed of 10 6 pixels. Each pixel with a size of (172 µm)² is an individual photon counter. The pixels are grouped in 10 modules of 200x500 pixels each. For the measurements here, the detector was placed 2287 mm from the sample.
EXPERIMENTAL RESULTS

Etched membranes
One option to reduce the average absorptance of a membrane is etching tiny holes at a small pitch into the membrane such that particles of finite size are still stopped but photons can penetrate [7] . To verify this principle, samples based on rigid SiN membranes of 109 nm thicknes were fabricated as the starting material. An annealed dispersion of block copolymers which self-align by directed self-assembly (DSA) to a hexagonal grid with an expected pitch of 38 nm was used to form an etch-mask for etching holes into the membrane. The measured transmittance and reflectance of the membranes indicate that the approach principally worked. The transmittance increased because of the removed material in the photon beam, as shown in Figure 1 . The reflectance was lowered because of the increased effective roughness of the membrane surface. The amplitude of the thickness interference wiggles in the reflectance was reduced and the modulation frequency was also decreased, indicating reduced effective membrane thickness after DSA patterning, as shown in Figure 2 . The main concern with the structured membranes is the introduction of additional diffuse scattering from irregularities of the structures. It should be noted that the nominal pitch is small enough that any regularly diffracted radiation is out of If the structure were ideal, e.g. with a long-range order, only discrete diffraction peaks would occur corresponding to the reciprocal grid of the structure as shown in Figure 5 . If, however, small areas are covered with locally ordered structures in an arbitrary orientation, the spots would be aligned in any direction resulting in circles of increased intensity as is seen in the scattering pattern and indicated in the schematic. Therefore, we can conclude that in the membrane area close to the edge, we have locally ordered structures in an overall arbitrary orientation, while for the central part of the membrane, no ordering of the pinholes is observed; the scattering appears purely diffuse. A possible explanation could be from the non-optimized production process.
For a better quantitative comparison, the radially averaged scattering distributions are shown in Figure 6 . For the spot at the edge of the membrane, the diffraction circles show as peaks in intensity. They correlate nicely with the expected diffraction peaks for a hexagonal grid. A matching of the measured and calculated peak positions yields a pitch of 37.6 nm, consistent with the nominal value of 38 nm. In the centre of the etched membrane, the average scattering level is about the same but the discrete peaks disappeared, indicating a complete loss of the DSA-order. The scattering level of the etched membrane is significantly increased by a factor of 100 with respect to the reference membrane. This holds also for the low spatial frequencies range below 6 µm -1 , see Figure 12 , which causes scattering of EUV-light into the aperture of the scanner projection optics and thus would increase the flare level. The EUV data are shown in Figure 7 . For the reference membrane only a halo around the direct beam (off the detector area to the left) is observed. For the etched membrane, the scattering intensity is almost constant in the angular range shown and significantly higher. The halo of the direct beam is no longer significant with respect to the scattering from the membrane. It should be noted, that the scattering from the membrane shows no structure in the angular range observed here and is completely isotropic. This correlates to the isotropic SAXS image with complete diffraction rings and no indication of an angular orientation. For the EUV measurement, however, the covered spatial frequency range was too small to see the scatter circles. The pitch was deliberately chosen small enough to avoid the appearance of the primary diffraction within the aperture of the EUV optics. The X-and Y-axes in the figures are scaled in units of spatial frequency corresponding to the respective scatter angles. A more quantitative comparison is shown with radial cuts of the scattering distributions in Figure 8 . For the region close to the direct beam both scattering curves converge due to the halo of the incoming beam. While for the reference membrane the decreasing trend is not broken, the scattering for the etched membrane levels off to a constant value in the scattering range measured here. For a spatial frequency of roughly 1 µm -1 , the level is increased by a factor of 100 with respect to the reference. This spatial frequency range is fully within the so-called mid spatial frequency roughness (MSFR) range which is critical for the flare on wafer level in EUV imaging. The scattering in reflectance of a high reflectance Mo/Si multilayer mirror coated on a standard highly polished GO optical substrate is included for comparison. Note that scattering is driven by differences in the optical path length. For reflection at a mirror near normal incidence, the difference in optical path length is twice the height deviation of the mirror surface while for transmittance through a membrane it is only the difference between light traveling in the material with refractive index (real part) n=1-δ and in vacuum, refractive index n=1. For a geometrical membrane ,.I. _ 10.00
1.00 -thickness difference Δd it is only δ*Δd with δ being only 0.013 for SiN at 13.5 nm as compared to 2*Δd in the case of reflection at a mirror. This explains the rather low level of scatter from the etched membrane as shown in Figure 8 . 
Carbon nanotube-based membrane
Carbon nanotube-based membranes have recently been proposed as an alternative to presently used silicon-based membranes which cannot withstand the thermal load in a high volume EUV scanner with 250 W source power [8, 19] . We present here results on the EUV performance of such membranes. H ó 60 Figure 9 Transmittance of three CNT-based membranes: random layer membrane (magenta), aligned type 1 (green) and aligned type 2 (blue) layer membranes. The red dashed curve is the SiN reference from Figure 1 . Figure 10 Reflectance of three CNT-based membranes: All membranes (magenta, green and blue as in Figure 9 ) did not show any reflectance above the noise level of the measurement (0.001 %). The red dashed curve is the SiN reference from Figure 1 . Note the zoomed Y-scale around zero.
Among other important design criteria, high EUV transmittance is of primary concern for advanced membrane materials. Less absorption conserves EUV photons and also reduces the thermal load on the membrane. The transmittance of the investigated membranes is shown in Figure 9 . The aligned samples have multiple layers and show significant absorption but the random layer membrane transmits 96% of the radiation at 13.5 nm. The 109 nm thick SiN is shown as reference. Another relevant property is the EUV reflectance because light reflected at the pellicle instead of the mask increases the flare level in the system. In this respect the irregular and rough surfaces of the CNT-based membranes is advantageous because is suppresses reflectance. No EUV reflectance could be detected at the noise level of 0.001 % as shown in Figure 10 . The increase in measurement noise towards longer wavelength is caused by the decreasing intensity of the incoming radiation in the reflectometer. Due to the irregular and rough structure, however, diffuse scattering could induce flare. Therefore, diffuse scatter measurements were also done for the CNT-membranes as shown in Figure 11 .
For the aligned, multi-layer structures (in the middle and at the right in Figure 11 ), a clear texture is seen in the scattered intensity. We observe a cross-like scattering pattern (note that the direct beam was placed out of the sensitive area to avoid saturation of the CCD, such that only the horizontal cross bar is fully in the image). These orthogonal scatter stripes correspond to the structure of the membranes with orthogonally crossed fibers as described elsewhere [8] .
There seems to be a similar structure also for the random layer membrane. Here, however, the wings of the vertical cross bar are missing and the horizontal strip does not extend to the edge of the measurement field. This structure is caused by scattering from an aperture in the beam, which is placed about 1000 mm in front of the membrane. Therefore, the membrane border clips the scattering in the projection onto the CCD, such that it does not extend to the border of the measurement field as the scatter originating from the aligned layer membranes. It can therefore be stated that the scattering for the random layer membrane is much lower and has no texture that could be detected. For the aligned layer membranes the low scattering halo from the incoming beam is hidden by the much more intense scattering of the membranes.
1000.00 The range of scattering with significant intensity for the aligned membranes clearly goes beyond the spatial frequency range covered by the measurement. We therefore, also measured the larger angular range with a photodiode. The data of this experiment are shown together with the data from the CCD-images in Figure 12 . Data for the smooth SiN membrane and a high reflectance Mo/Si multilayer mirror coated on a standard highly polished GO optical substrate are included for comparison. The scattering from the random layer CNT membrane is comparable to the smooth SiN membrane and both exhibit much lower scattering in transmittance than the Mo/Si multilayer mirror in reflectance. . The values for larger spatial frequencies, respectively larger scatter angles, are measured with a photodiode. For the aligned layer membranes, the CCD-data are averaged over the angular acceptance of the photodiode in order to match the scales. In the maximum of the scattering regions, the local intensity is 10x higher. Red and grey dashes are the data for the SiN membrane and mirror from Figure 6 for comparison. The shaded area indicates the angular range outside the entrance aperture of an NA 0.33 EUV objective.
DISCUSSION AND CONCLUSION
In this paper, we have assessed the EUV optical properties of novel pellicle concepts based on reduced density: DSA 2D-patterned SiN membranes and carbon nanotubes based membranes. It has been demonstrated that both approaches lead to increased EUV transmittance. The present samples of the DSA patterning approach are compromised by process imperfections which lead to strong irregularities in the positioning of the etched holes. This induces a non-acceptable level of EUV diffuse scattering. It is, however, shown that this scatter is not caused by the intended structures itself but only be the imperfection. For structural reasons, the DSA approach will not be further investigated. For the CNT based membranes we investigated two different fabrication methods. For the random layer membrane the achieved results are already very encouraging with an EUV transmittance of 96 % and no extra diffuse scattering as compared to a smooth SiN membrane. The viability of the CNT based membranes for EUV pellicles was shown regarding their EUV transmittance and diffuse scattering.
